Microsatellites were employed to estimate frequency of multiple paternity litters of two species of mice (genus Apodemus): striped field mouse (A. agrarius), and wood mouse (A. sylvaticus). Ten pregnant females of A. agrarius and six of A. sylvaticus were collected from natural populations in the northern Ukraine and analysed with 11 and nine microsatellite loci, respectively. Multiple paternity was indicated in eight of 10 litters in A. agrarius and in three of six litters in A. sylvaticus. Multiple paternity was documented at several loci (ranging from two to 10). In two cases (A. agrarius), three males were estimated to have fathered the litter.
Introduction
Multiple paternity is a result of insemination of a female by at least two males to produce a single litter or brood. The significance of multiple paternity is that, relative to single paternity, it increases the effective population size (Sugg & Chesser 1994; Chesser & Baker 1996) . Multiple paternity has been reported for a variety of taxa (see Avise 1994) . In this study, we used the genotypes of the mother and of the motherÕs embryos to estimate the number of paternal alleles per locus for a litter. If the minimal number of paternal alleles was greater than two at more than one locus, then multiple paternity was assumed.
Different genetic markers have been employed to document multiple paternity. These include chromosomal markers, allozymes, DNA fingerprinting, RAPDs and microsatellites. Microsatellites may be the preferred marker (Jarne & Lagoda 1996) . First, there is a wealth of such markers in the genomes of most organisms. Second, microsatellites are highly polymorphic, with heterozygosity levels often reaching 90%. Third, using PCR, it is possible to document the genotype of an individual at a single locus. Repeated blind analysis of the same individuals using microsatellites indicates that the results are highly reproducible.
Here we report the occurrence and frequency of multiple paternity in two distantly related species (genus Apodemus: striped field mouse, A. agrarius, and wood mouse, A. sylvaticus). These species are the most common muroid rodents of the Palaearctic region (Corbet 1978) . The genetic markers used in this study are polymorphic microsatellites , six of them are tri-or tetranucleotide repeats, which are more reliable to score than dinucleotide repeats .
Materials and methods

Specimens
Ten Apodemus agrarius and six A. sylvaticus pregnant females were collected from natural populations in the northern Ukraine from the Chernobyl region. Specific sites for collection are given in Table 1 . Embryos were carefully dissected (to avoid contamination with the motherÕs tissues) and frozen in liquid nitrogen or placed in lysis buffer. DNA was isolated from livers of adult females and from whole embryos using the protocol of Longmire et al. (1997) .
Microsatellite analysis
Genotypes for 16 pregnant females and for their embryos were studied using microsatellite loci described by . One primer of each primer pair was labelled with a fluorochrome (either TET, FAM or HEX) To determine precision of microsatellite data (Table 2) , we divided all allele scores for each locus into allele groups. An allele group consisted of one of the motherÕs alleles and all corresponding embryo alleles of the same size that were inherited from the mother. For each motherÐembryo set at a locus there were two allele groups if the mother was heterozygous, and one allele group if the mother was homozygous. Embryos that had genotypes identical to the motherÕs were excluded from the analysis. For each allele group, range and coefficient of variation (CV) of allele sizes were calculated. Then, A. sylvaticus 4 1 0 Red Forest (zone) July 1997 51¡22'23.6"N, 30¡05'49.0"E maximum and mean range and maximum coefficient of variation among allele groups for a locus and among loci for a species were determined (Table 2) . A total of 175 allele groups for A. agrarius and 69 allele groups for A. sylvaticus was examined.
Multiple paternity criterion
Multiple paternity is assumed if the minimal number of paternal alleles at a locus required to explain the amount of genetic variation in a litter is greater than two (Birdsall & Nash 1973) . As the number of loci (within a litter) that meet this criterion increases, the robustness of the multiple paternity assumption increases. There are three situations where paternal alleles can be identified. We assume a paternal allele to be: (i) an allele present in an embryo that is not present in the mother; (ii) an allele present in homozygous condition in the embryo; and (iii) one of the two alleles of a heterozygous embryo that has the genotype identical to the motherÕs. The third assumption identifies one of two possible paternal alleles, but the question of which allele was paternal cannot be resolved. Null alleles could give a Ôfalse homozygousÕ genotype in an embryo. No maternal null alleles were required to explain the genotype of an embryo in our study. However, our sample size cannot eliminate the possibility of null alleles.
Results
Final analyses were based on 11 polymorphic loci for Apodemus agrarius and nine polymorphic loci for A. sylvaticus (Table 2) , because other loci from were either monomorphic or difficult to score. The analysis was highly reproducible. From 244 allele groups analysed (see the Materials and methods), allele ranges in six were greater than 1 bp. The average allele range among all allele groups analysed was less than 0.5 bp ( Table 2 ). The maximum CV observed was 0.34%. This value indicates a measurement precision of 99.66%, which is comparable to that observed by other investigators for ABI PRISM TM genetic analysers (Ricciardone et al. 1997) .
From 10 litters of A. agrarius analysed with 11 loci, eight litters had more than two paternal alleles at four, five, five, five, six, six, seven and 10 loci, respectively.
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In two of these litters (mothers TK 48303 and TK 74314) there were more than four paternal alleles at locus GACAE12A. From six litters of A. sylvaticus three litters had more than two paternal alleles at two, three and five loci, respectively. With the exception of one litter (mother TK 44888), each embryo in all analysed litters received one of the motherÕs alleles. This female TK 44888, originally recorded as A. sylvaticus, did not have the genotype required to be the mother of embryos TK 46695Ð46699. It is probable that the tissues in the vial labelled as TK 44888 were from a specimen of A. agrarius (based on allele characteristics). The embryos TK 46695Ð46699 have the alleles characteristic of A. sylvaticus.
A second problem related to tissue collection involved embryo TK 48305 (A. agrarius), which had three alleles at four loci. This embryo had the two alleles present in the mother (or one motherÕs allele, if the mother was homozygous at a locus) plus a single allele attributed to the father at all 11 loci. The tissues of the embryo were probably contaminated with the motherÕs tissues. All other embryos and mothers were compatible with expected Mendelian inheritance.
Discussion
Four litters (two in Apodemus agrarius and two in A. sylvaticus) had one or two paternal alleles at all loci and were probably sired by a single male in each case. The litter TK 46695Ð46699 had four or fewer alleles at each locus and was also considered to be sired by a single male.
Evidence for multiple paternity
Eleven litters (eight in A. agrarius and three in A. sylvaticus) had more than two paternal alleles at multiple loci. According to our multiple paternity criterion (outlined in the Materials and methods), these litters can be classified as sired by more than a single male. Two litters of A. agrarius had more than four paternal alleles at one locus and therefore required at least three fathers. At some loci in multiple paternity litters, the minimum number of paternal alleles was one or two. There are several possible explanations for this: (i) the fathers could have shared alleles with each other; (ii) the fathers could have shared alleles with the mother; (iii) the fathers could have had null alleles; or (iv) some fathersÕ alleles could have been preferentially inherited.
Mutation rate and technical errors
The presence of one motherÕs allele in each embryo confirms maternal inheritance of alleles at the loci studied.
This also demonstrates that with these methods there are no detectable mutations (gains or losses of repeats) occurring between mothers and their embryos in specimens from radioactively contaminated and uncontaminated areas. It is possible to calculate the upper limit of female germ line mutation rate in the analysed microsatellite loci. Sixty-five separate meiotic events from a mother to an embryo have been observed in A. agrarius, and 24 meiotic events have been observed in A. sylvaticus, and no mutations were found. Thus, the mutation rate per each analysed locus may be directly estimated to be between zero and 1.5 × 10 Ð2 for A. agrarius and between zero and 4.2 × 10 Ð2 for A. sylvaticus. The combined rate for 11 analysed loci in A. agrarius is between zero and 1.4 × 10 Ð3 and for nine analysed loci in A. sylvaticus the rate is between zero and 4.7 × 10 Ð3 .
The high level of polymorphism in microsatellite markers is caused by a higher rate of mutation in comparison with other markers. As a consequence, mutations may become a major factor in deciding whether there is multiple paternity in a litter or whether the variation seen in paternal alleles is due to high mutation rate. The calculated upper limit of female germ line mutation rate is inadequate to explain the observed genetic variation of paternal alleles, unless the elevated mutation rate is restricted to the males.
Three kinds of technical errors were revealed. First, the genotype of the supposed mother was not compatible with the genotypes of the embryos (mother and embryo samples probably represented different species). Second, one embryo was contaminated with the motherÕs tissues. Third, the test on the reliability of scoring indicated the amount of human error to be 0.028 per score point (data not shown).
Implications for natural history
Our results indicate that there is polyandry in natural populations of Apodemus in the northern Ukraine. Most field observations indicate polygyny in Apodemus populations but have failed to indicate polyandry. Brown (1969) and Wolton & Flowerdew (1985) concluded that Apodemus have Ôsuper-familiesÕ with a dominant male in control. Dominant males have large, overlapping home ranges each overlapping those of several females (Brown 1969; Wolton & Flowerdew 1985) .
It has been suggested (Montgomery & Gurnell 1985 ) that the social structure of Apodemus changes throughout the year. During the onset of breeding in spring maleÐfemale bonds may be established (monogamy). Later in the breeding season males enlarge their home range to search for other females (Montgomery & Gurnell 1984) . Our results do not indicate a correlation between time of breeding and social structure (Table 1) .
